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lectrical properties of grain have long been used for estimating grain moisture content, and many kinds of grain moisture meters have been developed for rapidly measuring the moisture content of grain samples (Nelson, 1973 (Nelson, , 1977 . The earliest work was probably that of Briggs (1908) , who discovered a linear relationship between the logarithm of the electrical resistance of wheat and its moisture content. Practical grain moisture testers using this principle were developed much later. Grain moisture meters commonly used in the United States today are predominantly the radio-frequency (RF) capacitance sensing types, but moisture meters sensing dc resistance or conductance are common in Japan, particularly when used on recirculating dryers for monitoring the moisture content of rice.
Interest in moisture meters for measuring the moisture content of individual kernels of grain is relatively recent. Watson et al. (1979) reported a single-kernel moisture meter for com that sensed the dc conductance of individual kernels as they passed between crushing rollers and used the instrument to study the equilibration rates of corn samples from com lots that had been blended from lots of differing moisture contents. The failure of such blended lots to properly equilibrate is most likely an important factor contributing to spoilage of grain in world trade. The need for a single-kemel moisture tester for detecting high variability in kernel moisture contents prompted the initiation of a study of RF capacitive sensing of singlekemel moisture content in com (Kandala et al., 1987) . In that initial study, capacitance alone, measured at 1 MHz on a parallel-plate capacitor holding the kernel between the plates, was insufficient for reliable moisture determination. However, capacitance, in combination with measurement of kemel weight, thickness, and projected cross-sectional area, provided moisture measurement within 1% moisture content (m.c.) on 80% of kernels tested in the moisture range from 12 to 20%. By measuring the capacitance at 1 and 4.5 MHz, the reliability was improved, and the moisture range was widened to 11 to 24% (Kandala et al., 1988a) . Further study on the capacitance measurement method broadened the moisture range and increased the accuracy without the need for the kernel thickness measurement (Kandala et al., 1988b) . Eighty-nine percent of the kemels were measured within ±1% m.c. over the moisture range from 9.5 to 26%. Finally, the need for the kernel weight and projected area measurements was eliminated with the measurement of the complex impedance of the parallel plate sensor at the same two frequencies, and 91% of the kernels were measured to within ±1% m.c. over the 9.5 to 26% range (Kandala et al., 1989) . The finding that a reliable, nondestmctive, singlekernel moisture determination could be made with an impedance measurement at two frequencies substantially simplified the measurement capabilities required in a practical instmment.
A commercial instrument was developed in Japan for single-kernel moisture measurement in rice, wheat, and barley, which senses the conductance of the kemel as it passes between crushing rollers (Shizuoka Seiki Co., 1987) . Following evaluation of a slightly modified instrument (Shizuoka Seiki Model CTR-800) and calibration for use with com ), a new model (CTR160A) was produced for use with com and soybeans. Measurements on the Shizuoka Seiki instmment (CTR-800) and the parallel-plate RF impedance equipment have been compared, and performance of the two methods in the 9.5 to 26% moisture range was nearly equivalent with standard errors of performance generally well under 1% m.c. (Nelson et al., 1990 (Nelson et al., , 1991 . The RF impedance method was less susceptible to errors in nonuniform kernel moisture distribution during the first few hours after kernel moisture equilibrium was upset by drying. The nondestructive nature of the RF impedance technique also has advantages in some applications. Therefore, development of a practical instrument operating on this principle, with low-cost electronic circuits instead of expensive laboratory instruments, seemed worthwhile. The initial developmental work on a prototype electrical instrument for single-kernel moisture measurement in com by this RF impedance measuring technique was reported previously (Kandala et al., 1991) . This article describes an improved single-kernel feeder and parallel-plate electrode assembly and reports results of initial calibration and performance testing of the prototype instrument.
PRINCIPLES OF OPERATION
The single-kernel moisture measurement is based on the use of a parallel-plate capacitor with plane-surface electrodes, because this configuration provides a uniform electric field between the plates of the empty capacitor. The capacitance, when a kernel is placed between the plates, is then largely independent of the kernel position in the space between the plates. If the space between the plates is completely filled with a homogeneous dielectric, the capacitance, subject to the condition that the distance between the plates is small with respect to the dimensions of the plates, is given by:
where e is the relative complex permittivity of the dielectric, e^ is the permittivity of free space, A is the area of each of fiie plates, and d is the separation between the parallel plates. In general, e = £' -j e", is a complex quantity. The real part, e', is the dielectric constant, and the imaginary part, e", is the dielectric loss factor. The nature of these dielectric properties has been discussed in detail previously (Nelson, 1973) . At a given frequency, a dielectric can be modeled as a parallel-equivalent RC circuit (Nelson, 1965) the voltage and total current flowing in this circuit (or in the dielectric) and 6, the complement of 9, is the loss angle of the dielectric. The tangent of 6, tan 8 = e'Ve', is called the loss tangent or the dissipation factor D. From figure 1, it may also be noted that D = tan 8 = coCR, where co is the angular frequency, 2ixf, where f is the frequency of the applied voltage.
A kernel between and in contact with the two electrodes of the parallel-plate capacitor is not properly represented by equation 1, because the kernel does not completely fill the space between the electrodes (Kandala et al., 1987) . The presence of the kernel, however, does influence the measured capacitance and phase angle or dissipation factor. The degree of influence varies with kernel moisture content because of the high correlation between the dielectric properties of the kernel and its moisture content. The difference between the capacitance of the empty capacitor and that of the capacitor with the kernel in place was used in initial efforts to measure single-kernel moisture content in corn (Kandala et al., 1987) . The technique was later modified and improved by measuring the complex impedance, i.e., capacitance and phase angle or dissipation factor, at two different frequencies.
Differences in the values of C, D, and 9 at the two frequencies, (C| -C2), (Dj -D2), and (9] -92), were then used in the calculation of moisture content, M, to determine the values of constants in the following equation (Kandala etal., 1989) :
.(e, _0j(Cj -c^) (2)
where A^, ..., A3 are constants determined by calibration measurements and regression analysis. Since 9 = tan"^ (1/D), only 9 or D need be measured in addition to C.
INSTRUMENT DESCRIPTION
The prototype instrument for measuring single-kernel moisture content consists of: (a) a single-kernel feeder and parallel-plate electrode assembly, (b) an electronic-circuits section for making the impedance magnitude and phase measurement, and (c) an analog-to-digital converter and personal computer for controlling the measurements and calculating the moisture contents based on equation 2.
SINGLE-KERNEL FEEDER AND ELECTRODE ASSEMBLY
A device was designed and constructed to deliver individual kernels to a set of parallel plate electrodes for the impedance measurements. The single-kernel feeder is pictured in figure 2. The grain sample chamber was constructed from an 11.1-cm (4-3/8-in.) length of 15.2-cm (6-in.) diameter thin-wall stainless-steel tubing. A cleanout port was provided for brushing out the remnants of samples not used for the single-kernel measurements. A disk to serve as the bottom plate of the chamber was machined from a 6.4-mm (1/4-in.) PVC sheet and pressed into one end of the 15.2-cm (6-in.) tubing section to form the bottom of the chamber. A circular feed disk was constructed from 3.2-mm (1/8-in.) Rexolite 1422 sheet. with four 14.3-mm (9/16-in.) diameter round holes spaced at 90° intervals and with centers on a circle 15 mm from the periphery of the feed disk ( fig. 3 ). The feed disk rotates just above the bottom plate to carry single kernels in the round holes to the measurement electrodes.
One of the 20-mm-diameter, brass, parallel-plate electrodes is pressed flush into an opening machined in the top surface of the bottom plate with its center 15 mm from the periphery, and the electrode is secured with a screw. This electrode remains stationary. The other electrode was pressed into a 9.5-mm (3/8-in.) thick Teflon block and secured by screws. This Teflon block, with the electrode, is positioned in contact with the rotating feed plate and is free to move only in the vertical direction ( fig. 3) . The Teflon block insulates the electrode from the 6.6-mm diameter brass rod on which the Teflon block is mounted. A 3.2-mm brass plate was attached to the top surface of the Teflon block to provide mechanical rigidity when attached to the supporting brass rod and ensures that the upper electrode remains parallel to the lower electrode. This rod permits only vertical displacement of the Teflon block and electrode by sliding in a machined Delrin sleeve pressed into the aluminum mounting block supporting the upper electrode assembly. This mounting block is attached to the side wall of the grain sample chamber so that the upper electrode is directly over the lower stationary electrode. A light, compression spring forces the Teflon block and upper electrode to remain in contact with the feed plate as it rotates. This design also provides braking action against the inertia of the feed plate. A ball detent was added under the feed plate to insure indexing of the feed plate after each 90° rotation. The Teflon block is beveled on its leading edge, relative to the feed plate rotation, so that the rotating feed plate with a com kernel resting in the round hole of the feed plate, forces the Teflon block to move vertically to admit the kernel between the two electrodes. The feed plate then pauses for the impedance measurement and then moves the next kernel into position between the electrodes. The kernel that has just been measured drops from the feed plate through an opening in the bottom plate into the exit spout from the feeder. A formed partition is provided in the grain sample chamber ( fig. 3) to keep all grain away from the electrode assembly, except for the kernels that are being individually fed into the electrode chamber between the electrodes. A foam-rubber strip cemented to the lower portion of the partition allows only kernels carried in the feed-plate cells (holes) to enter the electrode chamber.
The feed plate is driven through a system of cams by a 12.7-mm (1/2-in.) steel drive shaft that is chain driven with a Dayton Model 6Z915 permanent magnet dc gear motor equipped with a Dayton Model 5X412 SCR variable speed control. The motor is mounted within the frame to the 6.4-mm (1/4-in.) aluminum plate forming the platform on which the sample chamber is supported ( fig. 2) . The drive shaft is held precisely in position by two bearings, one on the base plate, and another on the platform above the base plate. An annular cam surrounding the main drive shaft is fixed on the platform. A radial arm, attached to the drive shaft with a setscrew, rotates, carrying the roller-type cam follower along the annular cam profile (figs. 2 and 4). Once each revolution, this cam raises the cam follower pin to engage a notched rotary cam (visible in fig. 4 ) to which the feed plate in the sample chamber is attached. The bottom plate has an 8.3-cm (3-1/4-in.) circular opening in the center to accommodate the notched rotary cam. This rotary cam is mounted on a rotating sleeve that is fitted coaxially to the drive shaft with two bearings. In this way, the rotary cam is held in position, but remains free of any rotational influence of the main drive shaft. After advancing the feed plate 90°, the cam follower pin drops suddenly to leave the feed plate stationary until it is again advanced 90° by the circular cam follower. Maximum feed rate for the system with the drive motor described is 80 kernels per minute.
Electrical connection of the parallel-plate electrodes to the impedance measuring electronic circuits section of the instrument is accomplished through separate coaxial BNC panel connectors mounted close to the electrodes. A short, flexible lead connects the movable upper electrode to its BNC connector ( fig. 3) , and the stationary lower electrode is also connected to its BNC connector with a short lead. Coaxial cables then provide shielding for each lead from the single-kernel feeder and electrode assembly to the electronic-circuits section of the instrument.
A leaf-spring-operated microswitch ( fig. 4) is actuated by the circular cam follower when it drops to disengage the cam-follower pin from the rotary cam. This provides a signal for the computer to begin the impedance measurement sequence as the kernel is then stationary between the electrodes.
ELECTRONIC CIRCUITS FOR IMPEDANCE MEASUREMENT
The electronic circuits for the instrument are enclosed in a cabinet which houses a power supply, cooling fan, and the impedance-measuring circuits. These circuits measure the complex polar impedance of the parallel-plate electrodes with the kernel between them as described in the previous section.
Magnitude Measurement. The signals for the two radio frequencies, 1.0 and 4.5 MHz, at which the complex impedance values are measured, are generated by two crystal oscillators as shown in the block diagram ( fig. 5 ). These signals are connected through the multiplexer to the parallel-plate electrodes of impedance Z. First, the current flowing through Z due to the 1.0-MHz signal is fed to an op-amp (upper box) having a feed-back resistor called the range resistor Rj^. The same current flows through Rj^ and therefore the output voltage of the op-amp is the product of the current through Z and the value of the resistance of Rj^. This signal is rectified and measured as e^|. The original 1.0-MHz signal from the oscillator is also rectified and measured as the reference signal e^j. The magnitude of the impedance of the parallel-plate electrode system is then givenbylZil = RR(e,i/e^i). Phase Angle Measurement. To determine the phase angle at 1.0 MHz, the measured signal at the output of the op-amp is compared with the original signal (reference) using a phase detector. However, the two signals fed to the phase detector must have the same amplitude. To obtain a signal of constant amplitude, but with the same phase as the measured signal, a comparator is used. The amplitude of the output signal of a comparator is independent of the amplitude of its input signal. The amplitude of the signal at the output of the op-amp changes with the impedance of the parallel-plate electrode system. With this signal as input, the comparator will generate an output signal of constant amplitude, but with the same phase as the input. This measured signal is a square wave, and a filter is used to convert it to a sine wave. The original signal from the crystal oscillator and filter is attenuated to the required amplitude, and the two signals are fed to the phase detector. The phase detector compares the two signals and gives a dc output voltage e j proportional to the phase angle. Thus, the impedance magnitude IZjl and phase angle Oj are obtained at 1 MHz.
After the measurements are taken at 1.0 MHz, the computer switches the multiplexer enabling the 4.5 MHz signal to pass through Z. This signal from the multiplexer is processed through a separate circuit (lower box), similar to the one described for 1.0 MHz, and the impedance magnitude IZ2I and phase angle 02 are measured at 4.5 MHz.
The six dc output voltages shown in figure 5 are inputs to a multiplexer and analog-to-digital converter on an interface card (Metrabyte Corp., DAS-8PGA) in the personal computer. The timing switch on the cam assembly provides a signal that initiates the measurement sequence. At the completion of the 1-MHz measurement, the computer sends a digital output to the multiplexer in the impedance-measuring circuit to initiate the 4.5-MHz measurement.
From the values of IZI and 0, the real and imaginary parts of the impedance, Z = R + j X, at each frequency, can be calculated as R = IZI cos 0 and X = IZI sin 0. Values for the capacitance C and dissipation factor D for use in equation 2 can then be calculated. Since X = -l/coC, C may be calculated as C = -l/(27ifX), and D is given by R/IXIorl/tan0.
CALIBRATION AND PERFORMANCE
The com, Zea mays L., selected for initial calibration and performance trials was a yellow-dent field com hybrid, DeKalb 3320, grown at the Georgia Mountain Station, Blairsville, Georgia, during the 1991 season. Ears were picked in October and hand-shelled to provide naturally moist samples. Shelled lots were left in open pans to dry for appropriate periods and then sealed in quart Mason jars and stored at A^ C until needed for measurements.
For calibration, 20 kernels were randomly selected without regard to size or shape from each of five lots of different moisture levels between 10 and 25% wet basis. These kemels were fed through the instrument and the impedance magnitude and phase values were obtained for each kernel at 1 and 4.5 MHz. Each kernel was then weighed and dried in a forced-air oven for 72 h at 103° C, which are the conditions for standard moisture determinations on bulk samples (ASAE, 1990) . The impedance measurement data were then used in equation 2, along with the reference moisture contents from oven determinations, to obtain the values of constants AQ, ..., A3 by multiple linear regression techniques (SAS/STAT Guide for Personal Computers, Version 6 Ed., SAS Institute, Inc., Cary, NC). For comparison with the oven moisture values, moisture contents were then predicted for each kemel of the calibration data set with equation 2 and the new constants. Agreement was fair, but poorer than expected; so the results for the different moisture levels were carefully analyzed. Sensitivity to moisture changes evidenced by capacitance differences Cj -C2 was low at moisture contents of 14% or less. Better sensitivity to moisture at low levels was shown by phase differences 0j -02-The geometry of the electrode system is also somewhat different from that with which equation 2 was developed, since a small section of the rotating feed plate is also between the electrodes with the kernel when the impedance measurements are taken. For these reasons, the effectiveness of the available variables in various combinations was explored, and a modified equation, as follows, was developed which performed better than equation 2 for the particular geometry of the single-kernel handling device of this instmment: Moisture contents for each kemel in the calibration data set were then calculated with equation 3 and the appropriate impedance data for each kernel, and the resulting moisture contents were compared to the reference moisture contents determined by oven drying. These results are summarized in table 1, where the mean values and standard deviations for the 20 kernels of each moisture level are listed. The mean differences between the oven moisture values and the electrically measured moisture contents are also listed, since these figures indicate the bias at that level. In addition, the number of kernels with moisture contents measured to within ±1% of the oven moisture contents are indicated for each moisture level. The standard error of calibration (SEC*) for the entire calibration set was 0.84% moisture content.
Another set of 20 kemels each was randomly selected from the same lots of different moisture levels for use as a verification set. Impedance measurements and oven moisture determinations for each kernel were run in the same way as they were for the calibration set, and similar comparisons were made. These results are summarized in table 2. Comparisons for the verification set were similar to those for the calibration set. The standard error of performance (SEP"^) for the entire verification set was 0.89% moisture content. where n is the number of observadons, p is the number of variables in the regression equation with which die calibration is performed, and Cj is the difference between the observed and reference value for the i^*' observadon. where n is the number of observations, Cj is the difference in the moisture content predicted and that determined by the reference method for the i'^ sample, and e is the mean of Cj for all of the samples. Means and standard deviations shown for 20 kernels from five verification com lots.
CONCLUSIONS
A prototype instrument constructed to demonstrate the feasibility of single-kernel moisture measurement in com by dual-frequency impedance measurements with low-cost electronics equipment was successfully used to measure moisture content of individual kernels in a yellow-dent hybrid field corn lot. The instrument measured kernel moisture contents within 1 % moisture of reference oven moisture contents for more than 80% of the kernels tested in the range between 11 and 25%, giving a standard error of performance of 0.89% moisture. The technique shows promise for practical use with further development.
